The output signal of the electromagnetic flowmeter measuring the slurry flow will be disturbed by the slurry noise. It is necessary to study the characteristics of slurry noise in order to reduce the interference. The methodology for the estimation of the slurry noise power spectrum based on the ARMA model is presented in this paper, and the relation among the slurry noise, the velocity, and the concentration is obtained by means of the methodology above according to the 1/ characteristics of the slurry noise. The results by computer simulation experiment show that if the concentration or flow velocity is increased, then slurry noise power spectral density curve in the logarithmic coordinate system will move to the upper right; if the concentration or flow velocity is reduced, then slurry noise power spectral density curve in the logarithmic coordinate system will move to the lower left.
Introduction
The output signal of electromagnetic flowmeter for slurry flow measurement will interfere with slurry noise. The reason is at the beginning of the measuring electrode contact with the fluid and in order to resist the corrosion of electrolyte, a thin oxide film formed on the measuring electrode surface of electromagnetic flowmeter; high polarization voltage is generated between the metal and electrolyte in the process of forming oxide film, and if the material and surface state of two electrodes are the same then the polarization voltage between metal and electrolyte is changed to the commonmode disturbance voltage which has the same polarity and magnitude; when the electrode of electromagnetic flowmeter is impacted by the solid particles or fiber in the slurry, a thin oxide film on the surface of electrode is broken and generates scratches; the oxide film will regenerate; in this process polarization voltage between the electrodes and fluid will change; the common-mode disturbance voltage will become differential-mode disturbance voltage, so that the output signal of electromagnetic flowmeters is to be fluctuated; this fluctuation is a kind of interference phenomenon in the signal waveform; this phenomenon is called slurry noise. It is necessary to study the characteristics of slurry noise in order to reduce the interference.
The reasons for the slurry noise are described in [1] . This paper shows that the slurry noise is caused by the impact of the solid phase particles of the slurry on the electrode of the electromagnetic flowmeter. Reference [1] also described that slurry noise is a random signal, and the power spectral density of the signal is inversely proportional to the frequency of the signal, so they approximate the relationship to 1/ . Spectral analysis shows that the frequency distribution of the slurry noise is wider, and the disturbance amplitude decreased with the increase of frequency; these are the characteristics of 1/ . The current study [2] [3] [4] [5] [6] [7] [8] shows that the slurry noise is characterized with 1/ and belongs to 1/ noise, and it is shown in Figure 1 .
The papers described the reasons for the occurrence of the slurry noise and the power spectrum of the slurry noise has 1/ characteristics, but these papers have not studied the relationship between the flow velocity and concentration of the slurry and the slurry noise.
Zhuang and Wu [9, 10] point out that the 1/ noise is pink noise and belongs to the colored noise, and they have studied the methods of using computer simulation to simulate 1/ noise. However, these methods of generating 1/ noise are too complex, and the computational complexity is large. The slurry noise is a random signal, so it cannot use a clear mathematical relationship to be described; however, the power spectral density of the random signal can be estimated by the method of power spectrum estimation. In this paper, the power spectrum of the slurry noise is estimated by the method of power spectrum estimation for random signals; the relationship between the slurry noise and the velocity and concentration of the slurry is analyzed.
Power Spectrum Estimation of Random Signal
The power spectrum estimation method is the power spectral density of a random signal which is estimated with given multiple sample data, and it can be divided into classical power spectrum estimation method and modern power spectrum estimation method. The main drawback of the classical power spectrum estimation method is the fact that the frequency resolution is relatively low. The frequency resolution of modern power spectrum estimation method is relatively high, and it can be avoided by the disadvantages of classical power spectrum estimation, so it is called the high resolution spectrum estimation. The classical power spectrum estimation method assumes that the unknown data outside the data workspace is 0, equivalent to data window. The classical power spectrum estimation method is mainly divided into correlation function method, average periodic chart method, and sliding average periodic chart method. These classical power spectral estimation methods are directly estimated by using finite length data, and there are two basic ways:
(1) Estimating the correlation function at first and then getting the power spectrum estimation by Fourier transformation.
(2) Associating with the power spectrum and square of signal amplitude frequency.
Using any of the above ways, there is a problem for the characteristic of estimation variance is not good, and the fluctuation of the estimation value along the frequency axis is very intense; the longer the data, the more serious the phenomenon.
Compared with the classical power spectrum estimation method, the modern power spectrum estimation method has the advantages of higher resolution and more accurate estimation results. So this paper chooses the modern power spectrum estimation method.
The modern power spectrum estimation method first estimates the parameters model by observing the data, and then the output power of the parameters model is calculated; finally, the signal power spectrum density is estimated. The modern power spectrum estimation method can be divided into maximum entropy spectral analysis method (AR model method), Pisarenko harmonic decomposition method, Prony extraction pole method, Prony spectral line decomposition method, and Capon maximum likelihood method.
The application of AR model is more extensive and representative. Some examples of commonly used AR models are ARMA model, AR model, MA model, and so forth. Their difference is the fact that the coefficients of the system transfer function are different. The AR model is the all poles linear model; it is also called the autoregressive model. This model is conducive to estimating the peak value of the signal power spectrum. The MA model is the all zeros linear model, and the structure of the model is simple; it is also called the sliding average model. This model is conducive to estimating the valley value of the signal power spectrum. In this paper, the study on the power spectrum of the slurry noise is not a peak value or a valley value problem of the power spectrum; the peak value and the valley value of the power spectrum must be accurately estimated. The ARMA model is the poles-zeros model; it is also called the autoregressive slip average model, and it also has the characteristics of AR and MA models. So ARMA model can accurately estimate the peak value and the valley value of the signal power spectrum, and it can fully reflect the nature of the signal power spectrum. So, the choice of the ARMA model is more suitable for the estimation of the power spectrum of the slurry noise.
Compared with ARMA, other modern power spectral estimation methods are more complex, and using these methods to estimate the power spectrum of the slurry noise, the results are not more accurate than ARMA. So, in this paper, the ARMA model is applied to estimate the slurry noise of electromagnetic flowmeter.
Parameter Model for the Slurry Noise of Electromagnetic Flowmeter
Stationary white noise signal ( ) is input to linear time invariant systems ( ); the output is stationary linear colored noise ( ). Its mathematical model is shown in the following equation:
where and are the constant coefficients. According to (1), the noise signal ( ) has a linear relationship with the stationary white noise signal ( ).
If the slurry velocity in the electromagnetic flowmeter pipeline is and the volume concentration of solid phase particles is , then the number of solid phase particles that impact the electrode of electromagnetic flowmeter in unit time is determined. It is assumed that in a certain time the solid phase particles impacting the electrode of electromagnetic flowmeter are a uniformly distributed white noise sequence ( ); corresponds to the variance of white noise sequence 2 ; obviously, if the slurry velocity or the volume concentration of solid phase particles increases, the total number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time will also increase; namely, the variance of white noise sequence 2 increases; conversely if the slurry velocity or the volume concentration of solid phase particles decreases, the total number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time will also decrease; the variance of white noise sequence 2 decreases. The simulation method is as follows: according to the 1/ characteristics of the slurry noise, the slurry noise generated by the sequence ( ) impacting the electrode is a 1/ noise sequence expressed as ( ). The sequence ( ) can be regarded as a uniformly distributed white noise sequence, and the variance of sequence ( ) is a fixed value; IIR digital filter ( ) is passed by the sequence ( ); a standard 1/ noise sequence expressed as ( ) is generated; the IIR digital filter ( ) can be viewed as the process of the solid phase particles impacting the electrode of electromagnetic flowmeter. The parameters of the IIR digital filter ( ) can be determined after designing it; if the concentration or flow velocity of solid phase particles is changed (i.e., the variance of sequence ( ) is changed), 1/ noise sequence ( ) is also changed. It can be known that the characteristics of the change of slurry noise with the concentration and flow velocity by compare and analysis of the change of 1/ noise sequence ( ).
A model of producing the slurry noise is constructed by using the method of parameter estimation, and it is shown in Figure 2 .
According to Figure 2 , the number of solid phase particles that impact the electrode in a certain time is a uniform distribution sequence ( ). If ( ) is viewed as a stationary uniformly distributed white noise sequence, ( ) is the transfer function of the system. According to (1), the parameter model of the slurry noise is obtained and expressed as follows:
Set the coefficient 0 = 1. If the coefficients ( = 1, 2, . . . , ) equal 0, the parameter model is the all poles model (AR model). If the coefficients ( = 1, 2, . . . , ) equal 0, the parameter model is the all zeros model (MA model). If the coefficients ( = 1, 2, . . . , ) and the coefficients ( = 1, 2, . . . , ) are not all equal to 0, the model is the poles-zeros model; it is also called ARMA (autoregressive slip average) model. Because the ARMA model can preferably simulate 1/ characteristics of the slurry noise, the ARMA model is used to estimate the slurry noise in this paper.
The parameter model of constructing the slurry noise.
Using -transformation to (2) and setting the coefficient 0 = 1, then the transfer function of the system is expressed as follows:
It has both zeros and poles, and the distribution position of the poles and the zeros needs to be considered to ensure the stability of the system. Equation (3) is expressed by ARMA ( , ); or is the order of the model. The power spectral density of sequence ( ) is variance 2 ; then the power spectral density of the slurry noise sequence ( ) is expressed as follows:
By = , (5) can be obtained:
According to (3) and (5), (6) can be obtained:
According to (6), the power spectral density of the slurry noise sequence within the domain can be obtained.
According to 1/ characteristics of the slurry noise, the transfer function of the slurry noise is expressed as follows [11] :
or
On the basis of (6), the power spectral density of the slurry noise is expressed as follows:
By the bilinear transformation method, the following formula can be obtained and it is shown as follows:
where is the sampling period; depending on the bilinear transformation, the single valued mapping relationship between plane and plane is established, and the single valued mapping relationship is unaffected by the value of ; the design results are not influenced by values. Thus, the value of can be set to 2. According to (9) and (10), (11) can be obtained:
According to (6) and (11), (12) can be obtained:
The coefficients ( = 1, 2, . . . , ) and ( = 1, 2, . . . , ) can be obtained by (12) . The order of the ARMA model needs to be determined; this paper selects = = 5 by several methods of order identification for ARMA models [12] [13] [14] [15] and comparison of simulation results in this paper.
According to (12) Therefore, 
By (2) 
Simulation of the Power Spectrum Density of the Slurry Noise
The flow of fluid in the pipe can be divided into several layers according to the distance from the wall of pipe. The measuring electrode of the electromagnetic flowmeter is in the nearest flowing layer of the distance to the wall of pipe; the solid phase particles in this flow layer directly impact the electrode. The object of study is the impact of the solid phase particles on the electrode so we only need to consider the flow layer closest to the wall of pipe. If only two-dimensional case is considered, the flow velocity of the flow layer closest to the wall of pipe is expressed as ; the solid phase particles are composed of different shapes and sizes of particles; it can be considered that the actual diameter of the solid phase particles is Gauss distribution; the average diameter of the solid phase particles is expressed as ; the volume concentration of the solid phase particles closest to the wall of pipe is expressed as ; the diameter electrode is expressed as ; the number of the solid phase particles that impact the electrodes during the unit time can be calculated by the following formula:
Equation (16) shows that, in the unit time, the number of the solid phase particles that impact the electrode is proportional to the velocity, the concentration, and the diameter of the electrode, and it is inversely proportional to the diameter of the solid phase particle. In this paper, the diameter of the solid phase particles is fixed.
Below by simulation, the characteristics of the power spectral density of the slurry noise and its variation with the velocity and concentration of the slurry will be studied.
If the flow velocity of the flow layer closest to the wall of pipe is 1 , the volume concentration of the slurry is 1 , the impact of solid phase particles on the electrodes is a white noise sequence 1 ( ), and the number of the solid phase particles that impact the electrodes during the unit time is expressed as 1 ; in this case the value of variance of the sequence 1 ( ) is 1. 1 ( ) is the excitation signal and passes ( ); according to (13) and (15) , the time domain waveform chart of the slurry noise sequence can be obtained, and it is shown in Figure 3 . Figure 3 shows that the fluctuations magnitude of the slurry noise in the time domain is large. In order to analyze the properties of the slurry noise, the slurry noise was influenced by the change of concentration of solid phase particles and the flow velocity; the power spectral density of the slurry is also analyzed.
According to (6) , if the volume concentration of the slurry is 1 and the flow velocity of the slurry is 1 , the power spectral density of the slurry noise in the logarithmic coordinate system is shown in Figure 4 .
From Figure 4 it can be seen that the power spectral density of the slurry noise is a curve of 1/ characteristic.
The influence of the concentration of the slurry on the power spectral density of the slurry noise is as follows.
If the concentration of the slurry is increased and it is expressed as 2 , and 2 = 2 1 , the flow velocity of the slurry is unchanged; according to (16), the number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time is expressed as 2 , and 2 = 2 1 ; the solid phase particles impacting the electrode of electromagnetic flowmeter are a white noise sequence 2 ( ). Then the value of variance 2 2 of sequence 2 ( ) is 2; the power spectral density of the slurry noise in the logarithmic coordinate system is shown in Figure 5(a) . If the value of concentration of the slurry is kept unchanged at 2 , the value of flow velocity of the slurry increases to 2 , and 2 = 2 1 , so the number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time is expressed as 3 , and 3 = 2 2 . The solid phase particles impacting the electrode of electromagnetic flowmeter are a white noise sequence 3 ( ); the value of variance 3 2 of sequence 3 ( ) is 4; the power spectral density of the slurry noise in the logarithmic coordinate system is shown in Figure 5 (b).
According to (16), the increase of the concentration and flow velocity of the slurry caused the increase of the number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time and led to the increase of slurry noise. From Figure 4 it can be seen that the power spectral density curves of the slurry noise increase with the increase of the number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time; it shows the characteristics of the curves shifting to the upper right. The power spectral curves of the slurry noise shown in Figures 4 and 5 are shown in the same logarithmic coordinate system as that shown in Figure 6 .
In Figure 6 , the bottom curve A represents the power spectral density of the slurry noise where the value of the slurry concentration is 1 and the value of flow velocity of the slurry is 1 . The middle curve B represents the power spectral density of the slurry noise where the value of the slurry concentration increased to 2 1 and the flow velocity of the slurry remains unchanged and the value of it is still 1 . The upper curve C represents the power spectral density of the slurry noise where the value of the slurry concentration is still 2 1 and the value of flow velocity of the slurry increased to 2 1 . Figure 6 shows that the number of solid phase particles impacting the electrode of electromagnetic flowmeter in unit time increases with the increase of the slurry concentration and the flow velocity of the slurry and causes the change in power spectral density of the slurry noise; it can be seen that the power spectral density curves of the slurry noise shift to the upper right. Obviously if the slurry concentration or the flow velocity of the slurry is decreased, the power spectral density curves of the slurry noise shift to the lower left.
Conclusions
This paper is based on the background of the output signal of the electromagnetic flowmeter used in the slurry measurement which interferes with the slurry noise. For the purpose of studying the relationship between the concentration and flow velocity of the slurry and the slurry noise, the paper is based on the 1/ property of the slurry noise and the method of ARMA power spectrum estimation; the ARMA model of the slurry noise is established and the slurry noise is simulated. The relationship between the slurry noise and the concentration and flow velocity of the slurry is analyzed. The following conclusions are obtained:
(1) According to the causes of slurry noise, the ARMA model can be applied to estimate the power spectrum of the slurry noise.
(2) If the flow velocity or concentration of slurry changes, the magnitude of the slurry noise will also be changed. It is reflected in the power spectral density curve of the slurry noise changes in the position of the coordinate system. If the concentration or flow velocity is increased, then slurry noise power spectral density curve in the logarithmic coordinate system will move to the upper right; if the concentration or flow velocity is reduced, then slurry noise power spectral density curve in the logarithmic coordinate system will move to the lower left.
These conclusions can provide some theoretical basis for designing the slurry type electromagnetic flowmeter. 
The Inadequacy in This Study
For simplicity, the establishment of the ARMA model of the slurry noise in this paper only considers the influence of solid phase particles which impact one measuring electrode of electromagnetic flowmeter. In fact there are two measuring electrodes for electromagnetic flowmeter; the work of considering the case of two electrodes to establish mathematical model of the slurry noise and analyze the influence of the concentration and flow velocity of the slurry on the slurry noise needs further study.
